Abstract-In network MIMO systems, channel state information is required at the transmitter side to multiplex users in the spatial domain. Since perfect channel knowledge is difficult to obtain in practice, limited feedback is a widely accepted solution. The dynamic number of cooperating BSs and heterogeneous path loss effects of network MIMO systems pose new challenges on limited feedback design. In this paper, we propose a scalable limited feedback design for network MIMO systems with multiple base stations, multiple users and multiple data streams for each user. We propose a limited feedback framework using per-cell product codebooks, along with a lowcomplexity feedback indices selection algorithm. We show that the proposed per-cell product codebook limited feedback design can asymptotically achieve the same performance as the jointcell codebook approach. We also derive an asymptotic per-user throughput loss due to limited feedback with per-cell product codebooks. Based on that, we show that when the number of per-user feedback-bits is ( log 2 ( ) ) , the system operates in the noise-limited regime in which the peruser throughput is
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I. INTRODUCTION
N ETWORK MIMO (multiple-input multiple-output) is considered as a core technology for the next generation wireless systems. The key idea of network MIMO is to employ base station (BS) cooperation among the neighboring cells for joint signal transmission in downlink direction and/or joint signal detection in uplink direction [1] - [4] . In network MIMO systems, the undesirable inter-cell interference (ICI) can be transformed into useful signals via collaborative transmission among multiple adjacent BSs. Therefore critical for efficient spatial multiplexing of mobiles in network MIMO systems. Space division multiple access (SDMA) for single-cell MU-MIMO has been studied in lots of literatures [5] - [11] . In [5] , [6] , perfect knowledge of CSI at the transmitter is assumed to eliminate cochannel interference (CCI) among the users engaged in SDMA. However, perfect CSI is difficult to obtain at the transmitter side in practice and there are lots of literatures discussing SDMA with limited CSI feedback in single-cell MU-MIMO systems [7] - [13] . Recently, the authors of [14] , [15] have extended the singlecell limited feedback designs to network MIMO systems by treating the cooperating BSs as a composite MIMO transmitter (i.e., one super BS), and this refers to the joint-cell codebook approach. While the existing work [14] , [15] provide some preliminary solutions for CSI feedback in network MIMO systems, there are still a number of important issues to be addressed.
• Dynamic Number of Cooperating BSs: One important difference between single-cell MIMO and network MIMO systems is that the number of cooperating BSs in the latter case is dynamic, depending on location of the mobiles. As a result, the total number of bits for CSI feedback as well as the dimension of the CSI matrix seen by a user are dynamic. The conventional limited feedback designs are all designed for fixed number of transmit antennas and cannot be directly applied to network MIMO systems due to the lack of flexibility. In other words, it is very important to have flexibility incorporated in the codebook-based limited feedback schemes in network MIMO systems, so that the same codebook can be used to quantize the CSI matrix seen by a user regardless of the number of cooperating BSs. This poses a new design criteria for limited feedback mechanisms in network MIMO systems.
• Heterogeneous Path Loss Effects: In network MIMO systems, it is quite common to have non-uniform path losses between a mobile station (MS) and the cooperating BSs. Hence, the conventional Grassmannian codebooks [16] - [18] , which is designed to match the CSI matrix with i.i.d. entries, fail to match the actual statistics of the aggregate CSI matrix seen by a user due to the heterogeneous path loss effects. In addition, the path losses geometry seen by one MS are dynamic and cannot be incorporated into the offline codebook design procedures.
• Performance Analysis: The analytical results of the single cell SDMA scheme with limited feedback has been considered extensively in the literatures [8] - [11] . However, these results cannot be applied to the multi-1536-1276/10$25.00 c ⃝ 2010 IEEE cell scenario with limited feedback capturing the dynamic number of cooperating BSs and the heterogeneous path loss effects. One conventional limited feedback design, namely the Givens rotation [19] - [21] , could potentially address the above challenges. Using Givens rotation, a unitary matrix (channel direction) is decomposed into products of Givens matrices. Each Givens matrix contains two Givens parameters, which are quantized using scalar quantizer and fed back to the BSs. As a result, it offers the flexibility because when the number of cooperating BSs changes, the number of Givens matrices also changes accordingly. Hence, the same scalar quantizer can be used to quantize unitary matrices of time-varying dimensions. However, the issue of Givens rotation approach is the poor feedback efficiency due to scalar (or two-dimensional vector) quantization. In this paper, we shall propose a novel scalable limited feedback mechanism using per-cell product codebooks to address the dynamic MIMO configurations and heterogeneous path loss effects, along with a low-complexity realtime feedback indices selection algorithm. In the proposed feedback scheme, the product codebook (defined in Section III-B) that is used for CSI feedback in the network MIMO systems is simply the Cartesian product of per-cell product codebooks, with denoting the number of cooperating BSs. Cartesian product operation allows for a single per-cell product codebook to be used irrespective of the number of cooperating BSs. We shall show that the proposed per-cell product codebook based limited feedback mechanism can asymptotically achieve the same performance as the joint-cell codebook approach. We derive an asymptotic per-user throughput loss due to limited feedback with per-cell product codebooks. Based on the results, we show that when the number of per-user feedbackbits is ( log 2 ( ) ) , the system operates in a noise-limited regime with per-user throughput scaling as ( log 2 ( ) ) . On the other hand, when the number of per-user feedback-bits does not scale with the system SNR , the system operates in an interference limited regime with per user throughput scaling as
. Numerical results show while the proposed scheme is flexible to accommodate dynamic number of cooperating BS, it has significant performance gains over the reference baselines (e.g. Givens rotation approach).
The rest of this paper is organized as follows. We introduce the network MIMO system model and codebook-based CSI feedback model in Section II. The proposed per-cell product codebook based limited feedback framework is introduced in Section III. Asymptotic performance analysis of the proposed scheme is elaborated in Section IV. We present the numerical results along with discussions in Section V. Finally, we summarize the main results in Section VI.
II. SYSTEM MODEL

A. Network MIMO Channel Model
Consider a network MIMO system ( , , , ) with BSs serving active MSs in the downlink direction, as shown in Fig. 1 . The
BSs are inter-connected via highspeed backhauls, and collaboratively serve the MSs through the standard SDMA scheme. Without loss of generality, we assume that each BS has antennas and each MS has antennas. Assume limited feedback based block diagonalization (LF-BD) [7] , [10] is employed for SDMA transmission in the network MIMO system, the downlink signal model can be written as,
where y ∈ ℂ ×1 is the received signal vector at the
is the precoder for the ℎ MS, withŴ †Ŵ = I ; P = I is the power allocation matrix for the ℎ MS, with representing the maximal transmit power of one BS; d ∈ ℂ ×1 is the transmitted symbol vector intended for the ℎ MS, satisfying
paper, it is assumed that ≤ . For precoder design, LF-BD imposes the following conditions onŴ to eliminate CCI at the transmitter side [7] , [10] ,
whereĤ is the quantized aggregated CSI matrix of the ℎ MS (see equation (11)). In the network MIMO system, the aggregate CSI matrix H seen by the ℎ MS can be partitioned into submatrices, i.e.,
where H , ∈ ℂ × denotes the CSI matrix between the ℎ BS and the ℎ MS, which is commonly modeled as [22] ,
where , ∈ ℝ + denotes the path loss from the ℎ BS to Moreover, the aggregate CSI matrix H of the ℎ MS can be factorized as,
where
represents the large-scale fading component.
B. Codebook-based Limited Feedback Model
For downlink transmission with the LF-BD scheme, the essential information (i.e., users channel subspaces) required at the BSs side can be obtained through the codebook-based CSI feedback scheme. In a general codebook-based CSI feedback framework, the design metric for minimizing the residual CCI is chordal distance [7] , [10] , which is defined as,
are two orthonormal matrices; and ∥A∥ denotes the Frobenius norm of matrix A.
Without loss of generality, we assume the BS and MS share the same CSI quantization codebook, denoted by . The ℎ codeword in the codebook is given by V and the cardinality of the codebook is 2 , with representing the number of feedback-bits. In the conventional single-cell MIMO communications, the codeword index * reported by the MS is generated through the minimization of the chordal distance between the quantization source V and the codedwords in the entire codebook . Mathematically, * = argmin
III. SCALABLE LIMITED FEEDBACK MECHANISM BASED ON PER-CELL PRODUCT CODEBOOK In this section, we shall introduce a scalable limited feedback design based on per-cell product codebook to accommodate the dynamic MIMO configurations and deal with the heterogeneous path loss effects. Moreover, we shall formulate the realtime feedback indices determination (at the mobile) as a combinatorial search problem, and propose a low-complexity solution.
A. Scalable Per-cell Product Codebook based Limited Feedback Design
In order to accommodate the dynamics of cooperating BSs and deal with the heterogeneous path loss effects, we propose to quantize
with per-cell product codebooks, rather than quantizing {H } directly, where {A} denotes the row space of matrix A. The proposed percell product codebook based CSI quantization procedure involves both MS side processing and BS side processing, i.e., codewords indices generation at the MS side and quantized aggregate CSI matrix reconstruction at the BS side. Denote the per-cell product codebooks as 1 , 2 , ⋅ ⋅ ⋅ , , where • Normalization: To handle the heterogeneous path loss effects, we first normalize the aggregate CSI matrix H by the large-scale fading component G , i.e.,
• Decomposition: Apply the standard singular value decomposition (SVD) [23] to the normalized CSI matrix H ( ) , we have,
• Realtime Feedback Indices Selection: V ( ) is then mapped into per-cell product codebooks with indices
, and these codewords indices are fed back to the BSs via an error-free feedback link. The realtime indices generation is formulated as a combinatorial optimization in Section III-B.
Aggregate CSI Matrix Reconstruction and SDMA Precoder Computation (BS side):
After collecting all the indices from the MSs, the BSs try to reconstruct the CSI matrices and compute the SDMA precoder from the codeword indices
} .
• Reconstruction: The indices
} from the ℎ MS are used to construct a quantized version of V ( ) (denoted asV ( ) ), i.e.,
• Denormalization:V ( ) is used to construct the quantized aggregate CSI matrixĤ of the ℎ MS, which is given by,Ĥ
• SDMA Precoder Computation: Apply the standard SVD to the quantized interference channelĤ − seen by the ℎ MS, we have,
whereĤ − is given by,
The SVD operation (12) generates an orthonormal basis of the right null space ofĤ − , i.e.,Ṽ − ∈ ℂ × .
We can setŴ =Ṽ − , which satisfies equation (2) .
B. Problem Formulation
The feedback indices generation at the MS side is nontrivial, since it involves combinatorial search over the per-cell product codebooks. In the following, we shall first define the aggregate codeword for the per-cell product codebooks and then formulate the feedback indices generation problem as a chordal distance minimization problem between the aggregate-codeword and the quantization source.
Definition 1 (aggregate-codeword):
By the definition of the aggregate-codeword, the feedback indices at ℎ MS side can be determined through the following optimization problem. 
Problem 1 (Optimal Feedback Indices Generation):
In the above proposed per-cell product codebook based limited feedback scheme, the aggregate codeword V ( ,1 , ,2 , ⋅ ⋅ ⋅ , , ) can be thought as a codeword in the product codebook
where V , ∈ , ∀ = 1, 2, ⋅ ⋅ ⋅ , . The product codebook is important because it allows for a single codebook to be designed, and the real codebook that is used for CSI feedback is simply the Cartesian product of single cell codebooks { } =1 .
C. Low-complexity Solution
In this section, we shall propose a low-complexity searching algorithm, which exploit the per-cell product codebook structure and decomposes the searching process over the codebooks into the searching over sub-codebooks with reduced size. For illustration purpose, we shall first give the definition of sub-codebook.
, is defined as a collection of codewords in the original codebook , which lies in the neighborhood of of the quantization source V ( ) , . Mathematically, we have,
Based on Definition 2, we can propose our low-complexity searching algorithm as well as complexity analysis in the following (see Algorithm 1 below).
Remark 1 (Performance-Complexity Tradeoff of ):
In the above algorithm, the value of can be utilized to tradeoff the average quantization distortion performance 
Then, the × ( − ) orthonormal basis V 
)
. Specifically,
where the time complexity of this step is of the order ( ∑ 
and the computational complexity. In particular, when 1 = 2 = ⋅ ⋅ ⋅ = = √ , the above algorithm reduces to the traditional exhaustive search algorithm. As long as
= 2 , which is the time complexity of the exhaustive search method for solving Problem 1 with the original codebooks { } =1 .
IV. ASYMPTOTIC PERFORMANCE ANALYSIS
In this section, we shall quantify the asymptotic performance of the proposed per-cell product codebook based limited feedback mechanism w.r.t. the system configurations ( , , , ) and the per-user feedback-bits . In order to have tractable analysis so as to obtain design insights, we shall analyze the performance of the proposed limited feedback design using random codebooks [10] , [18] .
A. Asymptotic Optimality
We start with comparing the asymptotic performance of the proposed per-cell product codebook based limited feedback scheme and the joint-cell codebook approach. Denote and Φ as a random joint-cell codebook and the collection of all possible random joint-cell codebooks, respectively. Similarly, denote and Φ as a random product per-cell product codebook and the collection of all possible random product per-cell product codebooks, respectively, where a random product per-cell product codebook is defined as the Cartesian product of random per-cell product codebooks, i.e., = 1 ⊗ 2 ⊗ ⋅ ⋅ ⋅ ⊗ . Let¯(Φ ) and¯(Φ ) denote the average quantization distortion averaged over all possible random joint-cell codebooks and random per-cell product codebooks, respectively.
In order to show the efficiency of the proposed per-cell product codebook based limited feedback scheme, we shall establish the asymptotic optimality of the proposed limited feedback design w.r.t. the joint-cell codebook approach and summarize the main results in the following Lemma.
Lemma 1 (Asymptotic Optimality): For sufficiently large and finite , we have: (I) The × orthonormal basis V ( ) of the row-space of the × normalized CSI matrix H ( ) has the same structure as the aggregate-codeword defined in (14) almost surely (i.e., with probability 1); (II) The proposed per-cell product codebook based limited feedback scheme and the joint-cell codebook approach achieve the same average quantization distortion, i.e.,
Proof: Please refer to the online full version [25] . By virtue of Lemma 1, we can derive the average quantization distortion associated with the random per-cell product codebooks, which is summarized in the following lemma.
Lemma 2 (Average Quantization Distortion): For sufficiently large , , and small , the average quantization distortion associated with the random per-cell product codebooks is given by,
Proof: Please refer to the online full version [25] .
B. Effect of Limited Feedback
Within the framework of limit feedback study, the throughput loss due to CSI quantization is a common performance measure [8] - [11] .
We summarize the main result of this section in the following theorem.
Theorem 1 (Asymptotic Per-user Throughput Loss): In the network MIMO system with the proposed per-cell product codebook based limited feedback scheme, the asymptotic peruser throughput loss 1 is given by,
where = 2 is termed as system SNR; is defined to be ∑
=1
, . Proof: Please refer to the online full version [25] . As direct consequences of Theorem 1, we have the following corollaries.
Corollary 1 (Scaling Law for the Noise-Limited Regime):
For the per-cell product codebook based feedback scheme, the per-user feedback-bits required to bound the per-user throughput loss within a constant shall scale according to the following expression,
. Proof: Please refer to the online full version [25] . Corollary 2 (Interference-Limited Regime): For the proposed per-cell product codebook limited feedback scheme, if per-user feedback-bits (i.e., ) does not scale with system SNR , then for sufficiently large , the per-user throughput tends to a constant and scales according to,
Remark 2 (Proposed Limited Feedback Design):
In the noise-limited regime, the minimum number of feedback-bits required to maintain a bounded per-user throughput loss, shall scale w.r.t. the number of cooperating BSs according to,
Moreover, the residual CCI term in equation (??) is negligible for the noise-limited case. Following the proof of Theorem 1, we can show that in the noise-limited regime, the achievable per-user throughput of the proposed limited feedback scheme scales as,
On the other hand, in the interference-limited regime, the achievable per-user throughput of the proposed per-cell product codebook based limited feedback scheme shall scale as,
V. NUMERICAL RESULTS AND DISCUSSIONS
In this section, we shall compare the proposed per-cell product codebook limited feedback scheme with several baseline schemes. Baseline 1: joint-cell codebook approach; Baseline 2 and 3: Givens rotation approach with different number of feedback-bits. In the simulations, two-dimensional hexagonal cellular model is considered, with a cell-radius of 300 meters and the carrier frequency is set to be 2 GHz. The path loss model specified in [26] is used, i.e., ( ) = 130.19 + 37.6 log 10 ( ( )), with 8 dB lognormal shadowing effects. Users are assumed to be uniformly distributed within the cooperating cells. We use interference-free SNR to represent the receiving SNR at the cell edge of a single-cell single-MS scenario. Fig. 2. Here, ( , , , ) = (4, 3, 2, 6). For baseline 1 and baseline 3, we adopt 4 bits per BS for CSI feedback; while in baseline 2, we adopt 8 bits per BS for CSI feedback. While the proposed scheme can achieve 95% ∼ 97% of the performance of the joint-cell codebook approach, it performs much better than the Givens rotation approach. , ) = (4, 3, 2, 6). Setting = 1, 0.9, 0.8 can achieve 96%, 92%, 86% the performance of exhaustive search, with 10%, 1%, 0.1% the complexity of exhaustive search, respectively. Fig. 2 illustrates the per-user average throughput versus interference-free SNR. The simulation results show that, in the practical settings, the proposed per-cell product codebook based limited feedback scheme can achieve 95% ∼ 97% the performance of the joint-cell codebook approach. Moreover, the proposed scheme achieves much better throughput compared with Baseline 2 (Givens rotation approach with doubled number of bits for limited feedback) and Baseline 3 (Givens rotation approach). Fig. 3 shows the performance-complexity tradeoff with different choices of , where we set to the same value for all . The complexity numbers shown in the figure denote the relative complexity with respect to the exhaustive search method with original codebooks. As shown in the figure, with = 0.9, the low-complexity ISA can achieve 92% the performance of the exhaustive search approach, with only 1% complexity of the exhaustive search. With larger , algorithm 1 can achieve better performance at the cost of higher computational complexity, and vice versa. Fig. 4 shows the simulation results for GCSI case, per-cell product codebook limited feedback with scaling feedback-bits and fixed feedback-bits. For the per-cell product codebook based limited feedback with scaling feedback-bits, we set = 1 and let the feedback-bits scale according to equation (24) . Compared with GCSI case, about 0.5 (bits per channel use) throughput loss is achieved with scaling-feedback. Fig. 5 shows the performance of the proposed per-cell product codebook based limited feedback scheme in interference limited regime, with different number of feedback-bits per BS (i.e., ). We can see that the per-user ergodic capacity scales linearly w.r.t. feedback-bits per BS under all system configurations ( , , , ).
A. Performance of the Proposed Limited Feedback Design
B. Performance-complexity Tradeoff of the Low-complexity ISA
C. Verification of the Analytical Expressions
VI. CONCLUSIONS
In this paper, we have proposed a scalable per-cell product codebook based limited feedback framework for network MIMO systems, along with a low-complexity feedback indices selection algorithm. We have shown that the proposed limited feedback design can asymptotically achieve the same performance as the joint-cell codebook approach. When the number of per-user feedback-bits scales as ( log 2 ( ) ) , the proposed scheme operates in a noise-limited regime with a per-user throughput scaling as
. On the other hand, when the number of per-user feedback-bits does not scale with system SNR, the system operates in an interference-limited regime with a per-user throughput scaling as
. The numerical results show that the proposed scheme can achieve similar performance as the joint-cell codebook approach and performs much better than the Givens rotation approach in practical settings.
